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Abstract 

An electronic aroma detection (EAD) technology known as conductive polymer analysis (CPA) was evaluated as a means of 
identifying and discriminating woody samples of angiosperms and gy~itnosperins using an analytical instrument (electronic 
nose) that characterizes the aroma profiles of volatiles released from excised wood into sanipled lieadspace. The instrument 
nieasures electrical-resistance changes generated by adsorption of volatiles to the surface of elecuoactive. polymer-coated 
sensors. Unique digital electronic fingerprints of wood aromas. derived from ~nultise~tsor-responses to distinct mixtures of wood 
volatiles. were obtained from woods of i~itlividual tree species. A reference library containing aroma 5ignature patterns for 23 
tree species was constructed for identifications of unknown saniples using pattern-recognition algorithnts. The 32-sensor array 
usecl with an Aromascan A32S instrument was sensitive to a wide diversity of organic compounds and produced outputs of 
distinct electronic aroma signature patterns in response to wood volatiles that efiectively identilied unknown samples fi.om 
individual tree species included in the reference library. Sonie potential applications of CPA ~iiethods for research in ecology, 
forestry, pl:uit taxononiy. and related disciplines were identified with some significant advantages anci limitations. Other 
applications of this technology were discovered for the niittiagement of forested stands and ecosystems based on the 
iclentilication of roles that woocf-inhabiting organistns play in stand dynamics and long-term ecosystem functions. Re\ults 
pertaini~ip to tree systematics and phylogeny are discussed in the context of prevailing opinions of oak taxonomy. 
( '  2005 Else~~ier  B.V. All rights reserved. 
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u\ed for wood rdcntrhcatron h~therto ale cumber\ornc 
becdu\e they often requrrc cxtcnuve s~irmplc pr epdrd- 
tton 'ind 'rnaly\i\ New method\ yleldlng raprd woody 
\,imple ident~hcat~on\ could facil~tdte dctcrmrnation\ 
of brologic~l dcti~ltle\, rntcractron\, 'ind ecologrc,il 
roles of mrcroorpanr\rns. rn\ect\, and other rnverte- 
brate5 tli'it rnter,ict wrth wood In I~vrng dnd dead tree4 
or c o a  \e woody debrts on the toicst float Organr\m\ 
d\\ocr,ited wrtli wood in toie\t eco\y\tcm\ ,Ire 
ln\olved 111 wch rieti\~tte\ a\ wood deconipo\rt~on. 
nut1 rent cyclrng. and other tunct~onal nrchc\ that dftcct 
t o ~ c \ t  \t,ind \tructurc. dyriamrc\. and eco\ystcrn 
pr oces\e\ (Andrew\ 'tnd H'II I 14. 2000, H'insen and 
Gol~ecri, 7000, Whrpp\, 2001) Many rnrcrobc\ h'ive 
cttcct5 on tore\t health 'tnd eco\y\tern function\ 
becaii\c they lncludc c d ~ ~ \ a l  'igerit\ ot tlee ~nottallty. 
t o ra t  dr\ea\e\. wood dec'iy, 'ind lumber defect5 ot 
ttnpol tance in eco\y\tern drld trmber m~nagcment, and 
In the lnanufacture of fora t  product\ Al\o. certain 
type\ ot ecolog~cal \ tud~e\ In fore5t \clcnce and related 
rc\edrch di \c~pl~nel  have need of \pec1alr7ed 'inaly- 
t~cal  equiprncnt capable ot qutchly 1ecognt7rng 'ind 
d~scrinirnat~tig between vdrrou\ types of woody 
\,imple\ wrth rnr~iir~ial dcstructrvene\\ du~rng \am- 
pl~ng Such In\trunicnt\ 'ind method\ are needed wltli 
the capabtltty of p~ovldlng thew deter mrnatrons bawd 
o n  d raptd chernlc,il rneam of dctcctron Eldborate 
analytrcal method\ \uch a\ pa\ cliromatogr,iphy-m:i\\ 
\pectro\copy are only capable of rdcntrtylng the 
chcmrc,il compounds prc\ent rn wood. but thrs 
rnfi)lm,ltron doe5 not nece\\a~ily provrdc the ~nforrna- 
tion needed tor wood ~dentrhc,itron\ 

There 'ire numcrou\ tn\t,ince\ where moody 
\,imple\ collected tor re\edrch purpose5 ' I I ~  not 
re'idily tdcnt~fr~lble because ot the ditflculty In 
deterrntrirnp ~ndrvrdu,il source trees from whrch 
woody \,ilnplc\ wele cier~vcd, or bcc,iu\e \dnip1e\ 
were t'then trom woody pl,int\ du~rng trn~e\ ot the j w r  
\vIien ~dciltrtyt~lp ~ h ~ ~ r ' i c t e ~ \  (flower\. trurt\. 'tnd 
Ic,tvc\. etc ) 'itc ,ib\cnt Analytrc,il tools 'ind ]nethod\ 
c,ip,ible ot ~deritlfytng woody \,imple\ wlthrn thew 
Ilrnrt~ttron~ 'ire e \ \ e ~ ~ t i ~ i l  tor cli~ir~ict~rr71ng 'ind 
deterrnrnrnp the role\. d,im,lgrng etlcct\. 'lnd rntc~- 
relatron\hip\ arnonp wood-teedlng 'ind wood-rnli,ihrt- 
rng oig.inr\rn\ th'it rntel'ict wrth tree\ In tore\t \t'ind\ 
and ultrm,itcly 'titcct tore\t hccilth, \rand stlucttile, 
compo\rtton. \tabrlrty. eco\y\tem plocc\\cs. ,ind tore\t 
d y n ~ n ~ w  o\cr trriie Such c,tp,ibilrttc~ mere made 

po\\ible wrth the rnventlon of Instrument\ called 
"elcctrontc no\e\" that welt de\igned to produce 
drg~tdl elcctronrc \rgnature\ ot vol,itrle\ r e l e a d  from 
any orpanrc souice (Dodd and Per\aud. 1982, Pelosl 
and Per \,lud, 1988. Shrr ley 'ind Perwud. 1990, 
Pel\aucl, 1992, Pei\aud et '11 . 1993) Unlike other 
,in,ilytrc,~l rn\trumcnts. thew dc \~ce \  ,illow the 
~deiitrfic~itron ot oigdnic \ample\ wrtliout havrng to 
ldentlty ~nd~vrdudl chemical component\ wtthrn the 
volatrle rnrxturc (G'irdrier. 199 1 ,  Davrdc et '11 , 1995, 
L.onctgan et a1 , 1996). 'ind avord opel'rtor tatiguc 
(Shu~  m a ,  1990. Gdrdncr ,uid Shurmer, 1992) 
Agrrcultural and tood rndust~tes have utlllzed con- 
ductive polyriler '~naly\r\ (CPA), a type ot clectronrc 
diotna detectron (EAD) technology, to rnea\urc 
product dnd food qu'ilrty (Ar\hrti~'i, 1991. Hanakr 
et dl . 1996, Bartlctt ct 'il , 1997). \torage lrtc ~ D I  
Natalc et a1 . 1995, 1996). trcshne\\ (Egash~ra, 1997). 
agr~cultural waste detectron (Hobb5 et a1 . 1995, 
Persaud et a1 . 1996). rccognrtlon of organlc chcm~cals 
iKowar\ki and Bender, 1972), dragno\r\ of plant 
dr\ca\e\ (Wrlson et a1 . 2004), and many othel 
dppl~c~itrons (Ouellettc, 1999, Yea et dl , 1994) 
Wlthrn the field of forest pe\t rnandgemcnt, CPA 
ha\ proven usetul rn the dctectron ot bactcr~al 
wetwood rnfect~on\ In cottonwood, the detection 
dnd identrhcatron ot tungal forest patl~ogcn\ (e g 
Crr t r t o c  \ t r r c  f t r g c l c  ftrr ~rrll), and the dr\crtnirnatron of 
wood decay tunpr III  woody \ample\ (Wrl\on and 
I,e\tcl. 1999, Wil\on et al , 2004) A varrety of 
drtfcrcrit \en\or type\ h'ive been developed tor thew 
v,ilrou\ cipplicationr rncludrnp opttc'il sen\or\ (Whltc 
ct '11 . 1996). met'il oxrdei (Shur me1 et '11 , 1989. 
Eg~i\1iitct 'tnd Shimi7u. 1993. N'tnto et '11. 1993). 
\emi~onductivc polymer\ i Meyc~ hoft. 1993. Yrrii 
et '11 . 1993. Pr\,inclh ct '11 . 1994). 'ind cond~~ctrve 
polynlel\ (M,lthcld ct al , 1994. Frcund 'ind 1,ewrr. 
1995. Lonerpan ct '11 . 1996) 

An electronic now typrc'tlly consr\t\ ot ,I multt- 
\en\or ari~iy, ,in rntoim'itron-procc\\riig \p\tcni \uch 
,I\ 'in art~hci~il neural networ h (ANN). \oftw,irc wrth 
cl1git.11 pattern-recognitron 'ilgorrthm\. 'ind ieterence- 
Irbr'lry d,itab'ise\ (Abe et '11 . 1988. Freund 'inct Lcwr\. 
1995. Gar dner . 199 1 .  G'~rcinet 'iild Shui met, 1992. 
KowCu\kr 'ind Bendct. 1972) The 5en\o1 arr'ty con\r\t\ 
ol rncrenicnt,illy dltlerent \enrol\ that re\pond to ,i 

wrdc r~inge ot c1iemrcLil cl,i\\e\ 'ind dr\crrnirnate 
dl\ er \e ~nrxture\ ot po\\rblc ,un'tlyte\ The output trom 



individual sensors are assembled and integrated to 
produce a distinct digital pattern of responses (aroma 
fingerprint) called an electronic aroma signature 
pattern (EASP), allowing classification and identifica- 
tion of the analyte. Using EASPs. representing unique 
aroma signtiturc patterns for complex mixtures of 
distinctive arotnas in the sample mixture. allows 
recognition of the sample as a whole without requiring 
the mixture to be separated into its individual 
cornponcnts prior to or during analysis. A reference 
library of EASPs for known samples is constructed 
prior to analysis of unknowns by assigning descriptor 
names (identifiers) to patterns of known origin. The 
ANN is configured through a learning process (neural 
net training) using patterli-recognition algorithn~s that 
look for differences between the patterns of 1111 the 
descriptor types included in the reference library. This 
process continues until a previously selected level of 
discrimination is met. Thc results are validated and 
assembled into the reference library to which 
unknown samples can be compared. Identification 
of unknowns is based on the distribution of aroma 
attributes or elements that the analyte pattern has in 
common with patterns present in databases of the 
reference library. 

This investigation focuses on the potential applica- 
tion of conductive polymers for the idctltification of 
woody sarnplcs for forest ecology and related 
research. The objectives of this study were to: ii) 
evaluate the feasibility of using CPA technology as a 
means of identifying anci discriminating woods of 
angiospertns and gymnosperms based on electronic 
signarures of volotilcs released from excised wood 
cores, iii) develop CPA  neth hods and applications 
L ~ S C ~ L I ~  for forest ecology through woody plant 
identifications, and iiii) examine  he potential applic- 
ability of these rnethods to plant taxonomy and fix 
determining chernical relatedness bctulecn plant 
species. Some preliminary results of this work were 
reported previously (Wilson and Lester. 1999). 

2. Materials and methods 

2 1 C'ollt~c trorr ~1r1tl \foi(rgt> of 1t ood\ \(rr~tplt~\ 

Incrcrnertt core\ of \t:indard d~mcn\lon\  ( 5  mm 
dtamcter x 5 ctn length) wcre collected in wlnter and 

early \prlng trom sapwood t ~ \ \ u e \  of pl'ints, reprcsent- 
~ n g  23 \ ~ C C I C \  o t  t teej '~nd \hrub\ trotn 14 plant 
t,ln1111c\ typlc'll ot bottoml,~nd and upland fore\t types 
In the southern Unlted State\ (Table 1) Two tree cote\ 
wcre extracted tlo1-11 the bole\ of at leait I 0  tndlvldual 
Ilkrng tlce\ o t  each \pccle\ tlotn varlou\ iociit~on\ 
(5tands) u\trig a Hdglot tree ~ncrcment borct iFo1e5t 
Supplleli. Inc . Jacltwn. MS) 'tnd pl'lccd Into 14 8 lnrn 
gla\\ vial\ Incretnent core\ uwd in the analyst\ were 
collected primarily from he'tlthy tree5, Llithough some 
core5 weic collected t r o ~ n  d ~ \ e a \ e d  ti\\uc\ of ttees for 
colnpan\on wlth healthy core\ ot the \ame tree \pec~e \  
to tn\e\tlgatc I~m~t '~ t ton \  on ,ippltcatlons of the 
~netl-rod\ Woody core5 In '111 c a w \  were tro7en at 
-20 C in long-term itolage and thawed ~tnrnediately 
plrot to sample analy\ts Core\ that became desiccated 
due to \ u b l ~ m a t ~ o n  durlng stor'tgc wcre rehydrated by 
\oakin& 111 \terllc dl\ttlled water tor 15 mrn followed 
by blottlng on Chemwlpc ttrsue paper to rctnove 
exce\\ free lnotcture ~ m m c d ~ a t e l y  prior to analys~\  

Woody cote \ample\ In 14 8 ml &la\\ vial\ were 
uncapped and placed Into 'I 500 n ~ l  gla\\ \ampling bottle 
fitted wlth ~ctercnce arr, 4ampllng. and exhaust port\ on 
a polyptopylene bottle cap Rctercnce air entered the 
wnplrng bottle through 'I 3 mm polypropyle~ie tube 
cxtet~dtng to ju\t '~bovc the bottom o t  the \ampllng 
bottle The \ampling bottle ~ ' 1 4  held In the \ampling 
chambe] within the Instlument at a constant alr 
tc~npcxdture ot 25 C The \'~rnplmg bottle wr\\ pu~gcd  
wrtl~ filtelcd, t~~ot\ t~~re-condlt tnncd reference a11 tor 
2 tnln prlot to bulldlng head\p'tce The \ampling bottle 
wa\ sealed and vol:~ttle\ from the \'imple werc allowed 
to build hcdd\pacc and equ~l~bra te  tot 30 nlln prior to 
e'lch run Plentn te5t\ wctc pertor~ned 'I\ needed to 
cictct lnlne \'implc ,Itr 1~1'1tl.ve l~umidity (RH) compared 
wlth that of retcrcnce C I I ~  Reference ' I ~ I  w,~s {et at 4% 
RH tot mo\t rum 'ind xIlu\teci to wtthtn 2% below 
\ample 'ill at 25 C The \arnphng bottle cap 'tnd cxhdu\t 
port werc opened between run\ to purge the pteviou5 
\ample with cond~tloncd retc~cnce a11 

All analy\e\ wcte conducted w ~ t h  'in Arorna\can 
A33S (O\n~etech,  Inc . Wohurn. MA) ~ n \ t r ~ u n e n t  fitted 



Table 1 
Tyi)eszarld sources of tree \pccies ii.om which woody \;lrnples \\,ere collected fhr use in con\ti-i~cting reference lihi-ariv of electn)nic aroma 
signatures by conducti\e polymer anol?sis 

Tree species Com~non rlaine 1'l;int family St;rnd type" Collection site 

Ai.er r1117rii111 Red maple Acerace;ie Uplilnd llnion Co.. AK 
C' ( I~~) ;~ I I I . \  ct~rolii~itiii(i American hornhe:~tn Betul;iccae Bottornl;~nd N1:ishington Co., MS 
(.cri.~(i i l l ~ ~ ~ o ~ ~ i i , ~ ~ ~  Pecan Juglandaccae Uplantl Washington Co.. MS 
C'l i i l rr  tor?ic~iiroc.tr X4ockcrnut Iiickor! Jugland;~ceae Llpland Union Co.. AR 
Cl'Iris I ~ i ~ , ~ i , q i ~ ~ ( i  Sugai-berry L'lniaceae Bottomland W;ishington Co.. MS 
C O I - I ~ L ~ . ~  fii>ridtr Flowering dogwood Corn;iccnc llpl;ind Union Co.. .4R 
I>io.\p,~rl~.~ ~~ii-qiiii(riii~ Cotninon persiiniinon Ehenaccae L:pland Washington Co.. MS 
l ler  op<ictr American holly Ayuith1i;lceae Upland Union Co., AIZ 
I ~ i ~ ~ ~ i i ~ I ~ i i i i l ~ ~ r i -  , s r~i- (~t~if i i~~i  S\vectgutn ~1a1n;rmelidaceae Uplnntl Uirishingtorl Co.. MS 
I'l(rr(ii~~ts ( ~ i ~ ~ i c / ( ~ i ~ t ~ i I i , ~  Sycamore j>17t. d n ~ a ~  . . tdt ,. . Upland Wasliingron Co.. MS 
Pr~/?~i/lr.s (/c~lloi(/(~.~ Eastern cotton\vood . 5 ,  d I icrlCeac .. . Bottomlantl WasRinglon Co.. MS 
Pro.\opi.s gItrritl~rlo sir lloncy incsqi~ite Fnhaceae Upla11d Tri~vis Co.. T X  
L)iirn.~r.\ trlho White oak I-'agaceac lipland LJnion Co.. AIi 
Q~iercio hircklt~~i Spanish ( ~ u k  Fag;~ce;~e Upland Travis Co.. TX 
Q~ic,r-c~i.\ firk.(rrri Southern red oak Fag;ice;ie LJpland li~iion Co.. AR 
Qi~l,rt,~i.\ i i i~ii-il t i i i~li~~~i Bl;~ckjack oak Fagaccne Upland Union Co.. AR 
Qitercii.s rli,gr(i Water oak Fngaceae Bottomland Washington Co., MS 
Qurrc.rts s r ~ ~ l l ~ i t i ~  Post oak Fagaceae Upland Travis Co.. TX 
Qlic.rr.us i.ir;qir~ior~tr Coastal live oak Fagaceae Uplantl Travis Co.. TX 
.Sli/i.t. ili,qrti Black ~villovr Salicaccae Bottomland linion Co.. AR 
Sirs.srrf~~r.s cilhirl~rri~ Sahsali-as Lauraceae Upland LJnion Co.. AR 
7ir.rodiroii tlisrii~hirrir Baldcypress Taxodi;iccac Bottomland Washington Co.. MS 
I/lriiu.s c~r(r.s.srjijliri Ceclnr elm Ulmaceae Upland Travis Co.. hlS 

" T)pwoffore.\t stand hased on positiotl of collectiotl sitc r e l ;~ t i~e  to surrounding topography. 1Jpl;lnd sites \rere general11 close to the tops of 
ridges or ;it positions shove tlri~inage areas. and hottomland sites werc close to \i2ater coitrhes or \tithin drainage are;rs. 

w ~ t h  'I conventional 32-\en\o~ array de\~gned to1 
general-u\e appllc,it~on\ w ~ t h  15 V acros5 \cn\ol path\ 
Prlor to analysls o t  known and unhnown volst~le\ t r o ~ n  
woody plant t~ \ \ue \  In thl\ \tudy. ~nd~vrdual  \en\or\ In 
the scn\or 'inay were character17cd 'tnd c,rllbrated hy 
te4tlng \cn\ttlvlty re\pon\e\ to repre5entatlve corn- 
pounds t ~ o m  ci~ttcrcnt cl,~\\c{ ot olg~lnlc compo~u?d\ 
p o t c n t ~ ~ ~ l l y  relevant to wood ~dent~f ica t~on\  Atnong 
compound\ plescnt 111 wood volat~lc\. senSol\ w c ~ e  
more \en\ltrvc to long-chani a l~ohoi \ ,  long-than 
e\tcr\. 'ind 'IlOliiritlC hydroca~bon\. 'ind \l~ghtly Ie\\ 
\ c n \ ~ t ~ v e  to \ h o ~ t - ~ h ' i ~ n  e \ t e ~ \  ,lnd c i l ~ p l ~ ~ ~ t ~ e  hetone\ 
HOWCVCI, \en\or\ wete most \en\ltlvc to amme\ dnd 
4ulfu1-conta~nlng compound\ not n o ~ ~ n a l l y  tound III 

wood volnt~le\ The re\pon\c \cn\ltlvltle\ ot ~nd~vrdu,tl 
scnso~\ .  me,i\u~ed d\ percent change5 In ~ e \ ~ \ t a n c e  
~ e \ p c ~ i \ c  , ic~o\ \  jen\ol p,ith\ ~ c l a t ~ v e  to ba\e re\l\t'incc 
(C/(lKIK,,,,,). v,ir~cd w ~ t h  the type of pl,i\tlc polyniet 
u\ed in the \en\ol I I ICI~I IX coat~np. the type ot Ilng- 
\ub\t~tutlon\ u\ed to mod~ty  ~ t \  conduct~vc propertle\. 

Improve and ~ n o d ~ ~ l a t c  sensor re<pon\e Dcta~lcd result\ 
of a n a l y m  that prov~ded prlor character17atron and 
callbrat~on ot the \en\or array were ~eportcd pi-ev~ou\ly 
(W~l \on  et al . 2004) 

The block temperature ot the \en\oi m a y  wci\ 
ma~ntalneci at d con\t;lnt 30 C Reterencc 'tlr wa\ 
p~econd~tloned by pii\\lng room all- \eyuentlally 
t t l ~ o ~ t g h  a carbon filter. \ t l ~ c a  pel bead\, 1111111~ lilter, 
'i~id Ifepa filter to remove o ~ g a n l c  conipounds. 
mo~\turc.  p,r~t~culate\,  and microbe\. re\pcctrvcly. 
~ I I O I  to h u n i ~ d ~ t y  control and ~ t i t ~ o d u c t ~ o n  nito the 
\,~mpllng bottle The flow ~ d t e  ( suc t~on)  o t  \ample ,ilr 
'it the \ampl~ng port w,i\ m ~ u n t a ~ n c d  at -702 ml11n1n 
u\ing 'I cal~brated ADM 1000 flow meter (Aplcnt  
Technolog~cs. Wllni~ngton, DE) SCII\O~\  werc p~lrgeci 
between run\ uung a 2% ~\opropanol wLi\h \olut~on 
The In\tlulnent wa\ interfiiced w ~ t h  'i perwnal 
computer vt,i an RS3-32 cable ~mci controlled wlth 
Arorn,1\c,in VC~\IOII 3 5 1 \ottwarc The In\t~umelit 
plurnbl~ig WCI\ 'iltered t ~ o ~ n  convent~onal a~chttccture 

'ind the type o t  met'il  on\ u\ed to dope the niatr~x to and \pec~t~ca l ly  configu~cd for s ta t~c  \ampl~ng  ot the 



hcad\pace by ,~llowing alr flow, rna~ntatned at 605 in11 2 6 Irlerztrfrc N T I O I I  of r / r i X r ~ o u  r i t  11 t r r i q  I ec o q r i r t r o r ?  

rnln flow 1'1tc. comlng out o t  the external vent (bag- f r l c t  

hll) port of the ~n\tnlmeIit d u r ~ n g  analytical runs. and 
closing the cxh'~u\t port on the samphng bottle $0 that A reference I~brary. con\tructed from electron~c 
head\pacc volatile\ w e ~ c  taken froin a hon~ogei~eous aroma \lgnature pattern\ (EASP\) of head\pace 
\tatlc 'in mass w~th tn  the \ampl~ng  bottle volatilcs from 23 known wood\. was used for 

comparI\on 'tnd ~ d c n t ~ l i c a t ~ o n  o t  unknown \ample< 
T h ~ r  wa5 ,tccompl~\hed e ~ t h e r  In leal time or by using 

2 4 I h l t l l  (I(  ~ / i l l \ l T r o r l  ~ 7 ~ ~ l ( l ~ ? l < ~ T P ?  \ ( I / ? ( /  I 1/17 \( / l ~ ~ ( / i l / ~ ~ \  
oft-11nc ,tnaly\~\ uslng a rccognltlon file (contannng 

D'tta trom the scn\ol 'rllay wele collected at 1 5 

~ n t e ~ v a l \  uung  a 0 2 detect~on thre\liold ( \ -un~t \ ) .  '1 
15-20 \ -m,~x graph \c,ilc, 'lnd wtth a pattern average 
o t  five d'it,~ i,tmple\ taken pel run during d<rta 
acqul\itlon A u n ~ t o ~ r n  lun schedule ( I  valve 
\equence) W,I\ u\cd and con\~ \ ted  ot reference an 
20 \. \ampllng tllnc 90 5. and wa\h 20  \, follomed by 
90 ot retc~encc alr tor '1 total run t ~ m e  ot 220 s A 
2 min retercncc alr purge tollowed by a 30 mln 
equli~bration perlod was allowed between run5 

An 'iroma slgndture ~etcrcnce Ilbr'11y was con- 
5tlucted f ~ o m  wood sainplcs of all known retercncc 
woods ot anglospcrm and gymno\pelm \pec~c \  
~ncluded In t h ~ \  jtudy All database liles werc llnkcd 
to speclhc (de\~gnated) arom'l cla\ses del in~ng cach 
sample type or category The tollom~ng recognltlon 
nc two~h opttom (neural net tranllng p,xrrametel\) w c ~ c  
used tot c'ich tialnlng \c\ilon tl'ilnlng th~e\liold = 0 60. 
recognltlon thre\hold = 0 60. n ~ u n b e ~  o t  element\ 
alloweci In crrol = 5. ledrn~ng late = 0 10, momentum = 

0 60, enol goal = 0 0 I 0  ( P  5 0 01 ), hlddcn node\ = 5, 
m'txlmum ttelatlon\ (epoch\) = 10.o00, ~151ng norm'tl- 
17ed nlput dat'i. not 'ictual intensity dat'i Some ot t h e x  
p 'u~imete~\  were ~ i i o d ~ h e d  ,1\ dc\c~lbcd In the ~esu l t \  tor 
5peclhc dpphc,it~on\ or to1 implovcment o t  rccognlt~on 
,iccu~,tcy A typ~c'il tr ' i~n~ng icqutred 2-35 nun, 
depend~ng on the s u e  of the datahaw 'ipplied. L I \ I I I ~  

'111 IBM-compat~hlc pel \on,il computer b ~ t h  .I mlnlnium 
o t  6 4  mb ot RAM ,inti 350 MH7 1x111 \peed Ncinal 
net tl,ilntng\ welc v,il~datcd by cx,lnnnlng t ~ , u n ~ n g  
1esult5 th'it cornpale ~ndlvldunl datah'tse lilw to1 
comp,itibtIity or by s~rn l l ' i~~ ty  ~ ~ l ~ i t c l i e \  to each speclhc 
odor C I ' I \ \ C ~  by te\t-'iss~g~lcd odor clltcs d ~ s t r ~ b u t ~ o n \  
ainong iel,tted o d o ~  cl,t\\c\ ~ncluded 111 e'ich l~hr'iry 

database\) el-eateci troln the reference l~brary In each 
ccl\e, the neural net compared the recponse pattern o t  the 
unknown \ample w ~ t h  databa\e\ found III the recognl- 
tlon hle The pat ten~-rccog~ii t~o~i  algor~thrns qu~ckly 
determ~ned a best lnatch that most clowly lit the aroma 
clelnents tound In the unknown sample The clo\ene\\ 
of the m'itch wa\ cxpre\\ed a\ a percentage value 
,~llocated to d~tfcicnt global clas\cs (~ndlvldual tree 
specle5) repre5ented In the sample A value greater than 
90% was cons~dered to be a good match. Global elas\ 
drstnbutlons of major and rnlnor identlficatton elements 
were w e d  f o ~  determ~nat~ons of relatedness between 
\ample types The neural net software had settlngs that 
'illow for tralnlng to any level ot s~gn~ticancc that was 
desired in d~\c r  ~intnat i~lg salnple\ A \ ~ g n ~ h c a n c c  level 
ot 0 05 or lower was u\ed dcperldlng on the level o t  
\pecilic~ty desned in the d ~ s c ~ ~ m i n a t i o n  

The rel~ablhty of the in\trumcnt and methods to 
,iccuratcly ldentlty {ample unknown5 was tested by 
collect~ng two core\ pel tlee trom 13 to 30 ~ n c i ~ v ~ d t r ~ ~ l  
tree\ to1 cach of 12 tree \ p e c ~ e \  Analy7cd samples 
werc cieterrn~~ied to be elthe1 cortcctly ~dent~f ied ,  not 
l d c ~ ~ t ~ f i c d  (~ndc te~m~n, i te ) ,  incorrectly ~dct i t~l icd,  or 
,~mb~guou\ly ldcnt~fied based on recoglntlon re<ult\ 
obtained from pattern-rccogn~t~on \o t twa~e  t i \~ng  the 
t ~ c e  ~eterellce I~hrary Ucterminatloti\ talllng out\lde 
ot the dorna~n of defined global cla\se\ wcre rcco~dcd  
'1s unknown Amb~guous dcternllnat~on\ wcre lndl- 
c'ited when \ample\ were ~dcnt~f ied  rn d~tterellt global 
c l ,~\ \e \  11-om \epdratc run\ 

Data tor proces\~ng and an:ilys~\ were tahcn 
t ~ o m  a 20 s salnpl~ng ~ntcrval (85-105 \) near the end 



ot tlie sampl~ng \cgment of e x h  rim betote the 
\ L i n i p l ~ n g - v ~ ~ l ~ c  c l o ~ d  The d'itit d ~ c c  t ~ o n i  the raw 
d'ita hlc wci\ u\ed to cre'ttc 'I reple\cnt,itrve d e \ c r ~ p t o ~  
dat'ib'ix file A ~ n ~ n ~ ~ n u m  of 10 d e \ c ~ ~ p t o ~  datahaw 
tile\ were cre'ttcd fiom \cparate \peelmen\ of each 
sample type Arornct signature p'itterni of ~nd~vrdua l  
dlomd clCi\se\ (de\cirptors) were reported frorn 
calc~tl~ited me'ilis T S E M (jtandal-d e ~ r o r \  o t  the 
medn) o t  law rcl,it~ve re\i\t'xnce \en\or value\ t r o ~ n  
run\ of dt lc'iit 10 d ~ t f e ~ e n t  sdniplc\ of each odor clas\ 
Real trme dc tc rm~nat~on\  of unknown\ utrl17ed 
~ccognltion file\ w ~ t h  normal17ed \en\or Intcn\rty 
re\pon\es 'tnd p'ittcin-recogn~t~on dlgor~thms and 
matrrcc\ 

Dcta~led compart\on\ of relatecine\< of odor cla\ses 
were determ~ned u m g  p r ~ n c ~ p a l  component analys15 
(PCA) algorrthm\ prov~dcd by Aromawan Vers~on 
3 51 software. Three-dr~-rien\~onaI PCA w a j  u\ed to 
dr\trngu~\h between hcad\pace ~olatr le5 released from 
5evcn Qllc~r-c r r c  spcc~c \ ,  rnclud~ng Q trlhtr, Q. 17litXlc~\r, 
Q. firlc cztcl. Q nltrrrlcrrltlrc.cr. Q r1rqrt1, Q ct~llertn. and 
(2. ~lrr~~qrr~~crnci. The rnapplnp parameter\ for three- 
drmen\~onal PCA wcrc rterat~on\ = 30. unit\ In E ~ g e ~ i  
value\ (%), and w ~ t h  norma117cd Input data. 

3. Results 

strongly s e n s ~ t ~ v e  to carbonyl cornpound\ (ccirboxyl~c 
d c ~ d \ ,  'xldehydes, c\ter\, and ketone\). alcohol\. 
' i~ornat~c\.  arid chlo~rnatcd hyd~ocarbon\ 

The \en\or a r a y  was h ~ g h i y  re\poli\lve to w'iter 
v'ipo~ pre\etit In the cd~nplc headspace Tht5 \ t ~ o n g  
le\pon\c to w'ite~ necc\\rtated controll~ng the RH o t  
the s~trnple ' t~r to 1% to 'i\\ule that the \en\or re\pon<e 
wa5 p o s ~ t ~ v c .  w ~ t h  the except~on o t  some \ensol\ that 
re\po~idcd ~iegatrvcly to the ple\ence of carboxylrc 
a c ~ d \  Thu\, c o n d ~ t ~ o n ~ t i g  o t  rc te~ence  ~ I I  to 4% RH, 
controlled by a p r e ~ u n  \cttlng on the Injtrurncnt 
control panel. wa\ necestary before bul ld~ng he'ld- 
\p'ice prror to analy\r\ 

A nurnbe~ of t'icto~\ affected qudl~ty. \tabrl~ty, and 
it~lrtorri~rty of run\ d ~ t ~ ~ n g  data 'icqul\ltron Sensot 
output wa\ \en\~tr\te tcj \drnple w e  Control of \ample 
$ 1 7 ~  prov~ded stand'ird17ed q u a n t ~ t ~ e s  o t  headspace 
volatrle$ b e ~ n g  analyled Sampl~ng  niethod\ also had 'I 
large Impact on unrform~ty of \ ~ g n a l  output from the 
\ensol array S t a t ~ c  \amplrng used here prov~ded more 
~ t n ~ f o r ~ n  'ind \table dat'i output than d y n a m ~ c  5trtpplng 
and e q u ~ l ~ b ~ a t ~ o n  \ampl~np  becauw tt avo~dcd  the 
d ~ l u t ~ o n  of hcad\pace volat~lc\ (riicrea\rng s c n \ ~ t ~ v ~ t y )  
'~nd precludccl per tu~ba t~on\  of \amplrng 'ilr that 
caused temporal var tab~l~ ty  In \ample concentrdtron 
durrng the lun The rti5trulnent a r c h ~ t e c t u ~ e  u\ed here 
wa< ~iiodificd 50 that siiniple all could be vented d u r ~ n g  
\ample ~ntrociuctlon to d v o ~ d  cl~lutron eftectj  Sample\ 
wcrc ~ntroduccd trom 'I closed \ampl~ng  bottle, 
wrthout rctercnce alr ~ntroduct~on.  to mdlntarn unl- 
lor m ~ a m p l c  coticentr'xt~on\ durrng data dcqulrltloli 

The detectton I ~ r n ~ t \  'ind wtirttl\lty of the A32S 
rn\t~ument were cicpe~ldent on tlie cla\\e\ of or g,ititc 
co~i~ponent \  prcwnt 111 the \'lrnplc and the comb~ncd  
\ e n \ r t ~ v ~ t ~ c \  o t  the \criror array H ~ g h l y  po la~  
cornpound\ l ~ k c  carboxyl~c a c ~ d \  tended to b ~ n d  'itld 
L i e e i ~ ~ i ~ ~ l a t e  011 \ome \ e n \ o ~ \  C'ILI\III~ neg,itlvc 
~espon\c \  In \o~i ie  cd\c\ dt hrghe~ concetitl,itlon\ 
Thr\ w ~ \  ob\ervcd here when core\ were taken from 
oak5 th'it wcrc ~ ~ i t c c t c d  w ~ t h  wetwood bcicterra The 
h,ictcrtCil specre\ ~ e \ p o n \ ~ h l c  to1 c a u < ~ ~ i g  wetwood In 
ea\tcrn hardwood\, p'irt~cula~ly rn L)ller( l l c  \pecles, 
coni~nonly produce catboxylrc ,tc~d\ ,i\ ferrncntat~on 
product\ rclca\cd t ~ o ~ n  .tll,terohrc re\pllatlon Sen401 7 
W'I\ most \ c t i r ~ t ~ \ ~ e  to carboxyl~c ac1d4 and ,imrllc\, 
,ilthough o t h e ~  \cn\or\ ( 17. 18. 71-21. 28) ,tl\o u c r c  

The re l~ab~l r ty  of CPA method\ to correctly rdcnt~iy 
unknown samples wet\ evaluated w ~ t h  blrnd te\t\ u \ l~ ig  
13-30 unknown\ fioni 1 1  tree specre\ rncludccl III the 
~ctercnce l~b ia ry  All unk~iown \ample\ tl-0111 9 of the 
13 \pec~e \  te\ted were ~dentrhed co~rect ly (Table 3 )  
Approx~mately 92% of unknown \ample\ from two 
' idd~t~onal \pccles. Ctrrprr~rrc c crrnlrrlrarro 'ind Plcrttrrlirc 
ottrrlt~nrtrlrc. w c ~ e  ~dentrficd correctly, and the 
reni~irnlng 5'1rnple\ (8%)  wele dcterm~ned to be 
umclcritrtied or unknown The lowc\t level ot correct 
rclent~hc'itron (86%) occuncd w ~ t h  unknown \aniple\ 
o t  Lrcl~rrtltrr~lbcrr rrirrrtrplrtr. 'ind the rem'ilnlng 
\'imple\ (11%)  rema~ncd itn~cicnt~fied TI115 w'i\ tlie 
only \peere\ 111 wli~cli Ic\\ than 90% ot unknown 



Table 2 
Test\ i i i  the reliability of trec identitications ii)r 12 species deter- 
mined by Cl'A wit11 the Ar~mascan A32S ihing recognition tile\ 
constsuctecl ii.0111 a 23-species tree reterence library 

Sir~iiple unlnou ns" 11 Corsectl> 11ideterriiin:rte 
i d e i i c d  (7 ) rtot identified' 

( % )  

" Tree idenfilic~ttitrns of-sample unknowns were delern~ined trom 

two sapwood trce core samples fro111 each of 13 to 30 replicate trees 
a indicated for each species. 

" Pel-centage of unknown samples identilied correctly using ;lppii- 
c3tion-\pecilic rrfercncc library. 
' Unitlentiliecl samples reulted ti-om a gloh;il cl;tss distrihutio~l 

with less th;rn 70'2 ownership in ;my one gloh;~l class. None of tile 
sample unknow~is were incorrectly 01- anibigiiously identilietl. 

\amples w c ~ c  correctly ~ d e n t ~ t i e d  None of the 
dctermtnat~ons rcwlted In incorrect or amb~guou\  
~ d e n t ~ f i c a t ~ o n s  Thew results w ~ t h  the 1ower-perfo1-m- 
lng tlec \peclcs w c ~ c  subsequently ~mprobcd up to 5% 
In 'I \econd te\t (uslng the \ame unknowns) by 
adju\tlng tile \ p e c ~ h c ~ t y  and \en\ltlvlty parameter5 
ujed durlng neural net tl'iln~ilg to enhance \ample 
recogn~tlon 

The run charac~c l l \ t~cs  ot ob\crvcd ~nul t~ \cnsor  
output\ produced d u r ~ n g  data acqul\ltloli tor ,111 trce 
\pccic\ ,111alp7eci w ~ t h  the A32S !n\t~mnent p~oduced 
rel;it~vcly comp~essed low-~cs~\ tance  rc\pon\e curve\ 
(<5%  hove b'isehne re\~\ tance)  for all 32 \en\or\ In 
the ~irray The sensor re\pon\e\ were s o  t~ght ly 
clu\tcrcd 111 4omc c a w  that curves leprc\ctitlng 
~ndrvldual \ensor\ wele not re\olved completely In the 
datd acqul\ttlon wrndow w~thout  reduclng the rdnge ot 
the -,ixl\ d ~ \ p i a y  \c'ile Ncve~thcie\\ ,  \uf helent 
d~ftcicnce\  In ~ n d ~ v l d u a l  sen\ol re\ponsc\ welt 

p~oduced  to ;illow dl\crimlnatlon dmong trec specie\ 

Indlvldual \ensor response outputs w~th ln  \lgn'iture 
pattern\ of ~ndlv~dua l  trec speclc4 ranged f ~ o n i  0 1 to 
2  6%. and werc larely gleatcr than 2 5% Howevet. 
\cn\or re\ponses le\\ than 1 0% wetc colnlnon 
S ta t~ \ t~ca l  analy41s showed h ~ g h  preclslon and low 
var lab~l~ ty  of ~ndlvldual \ensor re\ponses betwee11 
,rnalytlc,tl lun\ tor m y  one sample type No st'indald 
clror\ ot mean\ for lndlvldual \en\ol\ werc gleatcr 
than 0 2  ~nten\lty unlts. and most standard enor5 ot 
mean\ welc 0 I o~ less 

A d l b e ~ s ~ t y  ot c l e c t ~ o n ~ c  arorna slgn'ttures wele 
de~lved  troln CPA of headspace volatllcs from 
\apwood cores 01 the 23 tree \pecles exam~ned 
Cornp'~r~\on\ o t  colnp~led ,ind \tat~\tically dn'ily7ed 
EASPj ~esultrng horn CPA te\t\ ~ n d ~ c a t c d  that unlqilc 
elcct~onrc ugnature pattern\ wele ldentlhed tor each 
\pecle\ (Table 3 )  No cornb~ned outputs trom the 
\en\or m a y  wcre ldentlcal for any two tlec \pecles, 
although ~dcntlcal Inten\lty re5ponses for any one 
{ensor wel-e common among speclcs Wldely varylng 
\~gnature pattern\ wcre ob\erved In mo\t cases among 
tree \peclcs horn d~tferent genera Howcvel, exam- 
inatlons of EASP5 of volat~les fiorn clowly related 
trec \pccles y~e lded  m ~ x c d  re\ult\ 1,arge d~ffcrencc\ 
wele ob\crved In \~gnature pattern comparlroiis 
between two Ccrnrz \peclcs. C rllrrroc~ricrc and C 
tonlr~itoctr, whereas great \ l m ~ l a r ~ t ~ c \  wele \hared In 
the \Ignatule pattel-n\ 'imong @ / P I (  1 1 5  \pcc~es. with 
the exception o t  Q trlAtl and Q crc~llirtcr. Analy \~ \  of 
volat~les from Q rrlhrl ( w h ~ t c  oak) and ( 2  ctrllntcr ( p w t  
oak), both In the w h ~ t e  oak group (subgenus Qrrcir r r c  
\cctlon Qrrertrr\) ot o,ik\, con\~stently produced 
relatlvcly low \ensot rc\ponse curves By cornpanson. 
the o t h c ~  tlve o'iL\ tested welt t ~ o m  the ~ e d l b l ~ i c k  oLik 
group ( s u b g c n ~ ~ s  QIICJIL 1 1 5  \ection Loh~lt(rc~ Loudon) 
All o t  tlie\c red oak \pcclc\ procluced con\~\tently 
h ~ g h  \en\ol ~espon\c  culve\ 'ic~oss the \cn\ol drray 
rcl'it~ve to the whlte o'ik \pecles te\ted 

An'ilyses ot slgnotulc p'lttern d~t teienccs 'imong 
dnglospcrln \pccle\ ,ind ~Imong \peclc\ w~th ln  tllc 

Qlcercrrc w c ~ c  e'~\ily ob\crved uslng \~multa-  
neous d~spl,iy mode of \enrol output4 w ~ t h  non- 
normdl17ed d,its In Ilnc-gr'iph tormat Srmultiuieou\ 
colnp,ill\ons ot seven 'ingrospcrm specie\ lnd~cdted 
d~tterent sensor-rc\ponsc p'ittc~n\ (Fig IA) CPA ot 
Arnc~lc'tn honlbeitm or nonwood ( C  ((r~olr~zrcr~zir) 
~ o l a t ~ l c s  p~oduccd the wldcst-l,ing~ng EASP w ~ t h  ,it 
le,i\t I 1 \ensol rc\ponses that exceeded thwe ot the 
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o t h c ~  ,inglo\pe~m \pccle\, 'ind at le,i\t 5 \cn\ol 
le\ponsc\ t11,it wete lowei th'in tho\e of the other 
,inglo\peirn \peclc\ Volat~lei from \yearnore ( P  
oc ( rd~/ir(llr\) yielded the narrowe\t I ange o t  \emor 
lespon\e\ The EASP o t  \outhe1 n red o'ik ( Q  fulc trrrr) 

produceci the h~ghc \ t  lne'in sen501 response\ among 
thc\c seven 'inglo\pclm\, 'ind ea\tern cottonwood ( P  
dc~lrorde\) cxhibrted the lowe\t incan \en\ol le\ponse\ 
111 the group Coi i~par~ \on \  ot respome p'itterns tor 
QriCrt \pccle\ al\o ~ndicatcd dltference\ in \~gnature 
patterns, but Qlrc.rclrr EASPs were more clusteicd 
within a narlower range and d~tteient  fro111 the EASPs 
ot other anglospelm\ (Fig 1 B) Volat~le\ from w h ~ t c  
oak ( Q  trlhrl) produced a \ensor-rc\ponsc pattern that 
wa\ str~hlngly ditferent from thaw ot the led o'tk 
specles, including watei oak ( Q  rrrg~cz), blackjack oak 
( Q  r l l ~ r r  rlczr~drca), and southern red oak. but coastal 
hve oak ( Q  \3rrgrrzrrrrlcr) produced an EASP that was 
lntermedlate In Intensity between these two pattern 
type\, although closer to the patterns of red oak\ than 
to the wlnte oak pattern 

A clo\er analyw comparing piills of s ~ g n a t u ~ e  
pattern\ to1 ~ndlvldual specie\ w~thln '1 genw u m g  
d ~ t f e ~ c n c c  d~splay mode revealed more prec~se d~tfei-  
ences In ~nd~vldual  \ensol rc\pon\e\ w~thin s~gnatul-e 
patterns Large d ~ t f e ~ e n c e s  were tound In sai \or  
re\ponscs to volat~le\ ot southe~n red oah (Q .  f(rlctrro) 
~clatlve to w h ~ t e  o'ik ( Q  cllhtr) u\lng normal17ed data 
(Fzg 2A)  The majority (56%) of \ C I I ~ O I  rcspor~\e$  to^ 
southern red oak weie greater than thow to1 w h ~ t e  oak 
The greLlte\t d ~ t t c ~ e n c e \  (>0 5%) occuned 111 \even 
sensol\, t h ~ e c  posltlve clr t tc~cncc~ 'ind foul ncgdtr\e 
dlfterencei Scn\oi -I csponse dlftci cnce\ wele \kcwed 
to the p o \ ~ t ~ v e  srde withtn the \ e n \ o ~  range 01- 21-32. 
whcre'i\ respon\e ditfercncc\ appealed mole ~ a n d o ~ n  In 
the \emor range ot 1-20 Dltfereiices In \ensor 
le\pon\cs to vol,itrles of inockcrnut hlchoi y ( C  
for?~(~rrtow) relritl\~e to sweet pec'in ( C  tllrrrorr~c~\) were 
much gle'itei th'in to1 the Qrrrit r r c  \pecles (Fig 2B) The 
number ot d~fteience\ ot ~ndrvldu'il \ensor rc\pon\e\ 
W,I\ evenly di\tr~buted In the pos~tive 'tnd ncg,itlvc, but 
the top \et o t  sen\or \ ( 2  1-32) wci\ \kcwed to the licgatlve 
\ ~ d c  In Ctrr \cr specie\ The grc'itest d~ftercncc\ (>0 5%) 
occurred In elgilt sensol\. tour with po\it~ve d ~ f t e ~ e n c e s  
'ind foul w ~ t h  negdtlve dltte~ence\ S~mmla~ d~ttctencc\ 
in \lgn'iturc p,ittcrn\ mete obtalned tor the comptnson 
o f  Qliclc r / c  species uvng n0nnortn~il17ed d'it,~, except 
th'it the d~ttcrcnces were '~cccntu~ited, and the curbe w'is 
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Fig. I. Multiple ct)n?parisons of electronic a n m a  signature partern\ for sapwood c ~ r e s  of SC\CI? h i ~ r ~ l w ~ ~ ~ ~ d s  ;lntl live o;ik species using 
st~perimpo\e mode (display function) f o l l o ~ ~  ing condi~ctive po14mer ;~nalysis. Simultaneous colored line graphs o1'acru;il (nonn~miiilireil)  \ensor 
arr;i) reslxmx llRIRI,,,,,I perccnl;lges for: ( A )  '4. rlrhnrrrr (bl;tck). ('. r~rin~lirritri~rr (I-ed). C', Icic,~.igilrii (green). I.. .synrc;fllrtr [blue). P il~~lroitlr~c 
(cyan). I? ot.t.iclc,i~ttrlic (purple). Q. /irl(.crrcr    el lo^\'): ;ind ( H )  L). trlhtr (hlilch). Q. firl~~irrtr (red). Q. r~rcrr.iltiirtli(.cr (green). L). rliqni thluc). ;in(] L). 
i,irqirrirrrrci (cyan). 

\h~ftcd mole posltlve w~th  moit (90.6%) of the 3 4  Glol7rrl ( I ( / \ \  r l r ~ r t r h r r t r o r ~ ~  of rclc~ntrfzttrtror~ 

difirence In sensor responws above the 7ero baicl~nc e l c v ~ l e r ~ t c  

011 the \.-ax15 (Fig. 2C) A s~n~ l l a r  sh~ft  to  the posltlve 
occurred for Cans volatlles us~ng nonnormal17ed The recognltlon file created by neural net tralnlng 
data (Fig 2D). uslng \ensor responiei der~ved from CPA p ~ o v ~ d e d  

, 0.8 

g 0.6 - gm 0.4 
- 0.2 B 
0.0 

8 -0.2 ~- - 
2 -0.4 5j  -0.6 

-0.8 

-1.0 

5 10 15 20 25 30 

(A) Sensor number (B) Sensor number 

(c) Sensor number (D) Sensor number 

Fig. 2 .  Pair\\ ise co~nl)ari\o~ts oi'dii'li.rences in electronic ;In)nla \ignaturc pattcrns i'or \;ip~\t)otI volatilcs fn)lil L)rrc,i-~,rr, ;111d C'crr-\,rr species nhing 
difki-encc motle (displ;~) hnction) fi)llowing coiiducii\c i)ol! mer ;ln;~l)sis. Nor~i~alizccl \en\or ;lrrn! re\pon\e-Jifirencc. [ R I  - R21 percenrngcs. 
indicatccl \\ilh bar graph\ hetween vol;itile\ In)lii: ( A )  ~ o u t h e r ~ i  red oah I@. firlcirr(il rel;tii\e h) \\bite o;tk cQ. rrlhtr): ( B )  ~iiockernui hichorp (('. 

rorrri2rrro\tr) reI;tti\ c to \\\ c e ~  l>ec;111 (('. i l / i ~ ~ o ~ ~ r r \ i \ ~ ) .  ;II?LI :tct~1;11 ( ~ i o ~ l ~ ~ o r ~ i i ; ~ l i ~ e t l  1 ~ - ~ ~ ~ ? o ~ ~ s c - ~ l i i i ' c ~ - e ~ i c e  pe~-ce~?t;tge\ SOI- 11ie s i ~ ~ ? ? e  cti~?i[?;iriso~?s: (C 
\ourhern retl oah reluti\c to ~ v h i ~ e  o;~h:  and (11) mt~chcrni~t hichory I-clativc 10 \weel pecxn. indic;~tetl hp line gr;~Sts \\'it11 the h;r\eline ;it /era on the 
I-;lxi\. 
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u\cful ~nformat~on about the overlap in ~dcnt~fication 
element\, dnd thus rcldtcdne\\, among tree\ rncluded 
In the reference databa\e Mean global cia\\ d~ \ t r~bu-  
tion\ of ident~fication elementi prewnt In the val~dated 
iccognition file, detcrinined trorn l~cad\p'~ce ~olatiles 
ot 23 tree \pecie\, indicated that the majollty of the 
recognrtlon capab~ l~ t~cs  for a given trec specre5 In the 
rcteieiicc Iibiary weie attr~butcd to p~ini~iry ident~fica- 
tion element\ found only In each rc\pcctlve speclc\ 
Well over 90r/r (range 94 1-99 4%) of the global cia\\ 
ci~\tribution ot idcntificat~on elements for each specre5 
were c~ccountcd tor by these prliiiary idcnt~ficat~on 
elements unlclue to ~ndividual trce \pecle\ (T'iblc 4) 

Secondary idenrific~t~on clement\, dcfi~led '14 thaw 
having d ~ \ t i ~ b u t ~ o n  value\ Ic\\ thm 5% w ~ t h  any one 
other \pccie\. al\o were found tor ail 23 tree speclc\ 
tc\ted Thew value\ ~ndicate rei,it~\lc amount\ of 

shared element\ betweell individual pals\ ,~nd thu\ a 
measure of rclatcdner\ bd\cd on the quarltltatlve 
dirtributron of thc\c shared charactel\ Major \ccond- 
dry ~dcntification element\ were defined a\ thaw 
\ccondary element\ w ~ t h  global cia\\ d~\tr~bution\ of 
20 5 %  (but <5%) whrch wei-e \hared w ~ t h  at Ica\t one 
other trce \pccle\ The numbers ot Inajol {econdary 
rdent~ficatron element\ shared w~th  other \pcc~c\ 
var~cd con\~derably in different trec \peclc\ f~orn 
the highc\t nurnber of elerncnts \ha]-ed in 'li~\oclrlrni 
drctrt hrtr?i (5) and Corn~i\ 3Ck,r-1(10 (4). dowii t o  oi1c 
\hd~-ed clement in Ccr~prrirt~ C L I M ~ I I I I ( I I I ( Z ,  I l~' t  o p ( ~ ( e ~ .  
Po171111t\ cdelrorck\, and Q. crlhn, aiid no rnajor 
\ccondary identificat~on clc~ncnt\ shared with other 
\pecie\ by Cur-I cr to~ti~vito\(r. 1110\1n I T ) \  1 - 1 1  ~ I I ~ I ( ~ I I L I ,  

and Plo\o~x\ yl(rrid~rlo\tr The 111ghe\t recorded 
d~\tr~bution of 3 8% wa\ tound In \yc'iniore ( P  

Tr~hle 5 
Incidence rind distribution of tnajor :ind minor secondary identification elements among 21 species of uplalid and hottoinland Itardwood ant1 
conifers 

Tree \pecie\ Major seconclary identilie;~tion elements,' Minor second:~ry iderltification 

Specific Mean Nonspecific Mean Specific Mean Nonspecific Mean 
incidence tli\trihution incidence distrihu~ion incidence distrihution itlcitlence distrihotion 

" M i ~ ~ o r  hecondar) ideritilication elements ;tccount St)r 2 0 . S 1 / i  ot'glohal clas\ dihtl-ihutiona f'or ;ln! onc 11-ec rpecies. SI 
the proporlion of' ~111 spec i e  incltirled in the ctiniparist,~~ t h ; ~  ~linred unique identilica~ion element\ specific to the indic:ited tree hpecies. 
Nonsixcific iticitfence reSer\ to identification elerirerits 1Ii:1t :ire not \pecilic to I I I S I  a relati\ely few specie\. ~ L I I  may he coiiini<in ;rmong many 
other- \pccie\. Mc;rn tli\trihotions arc the acti~nl average distriliution percetttilge of'elcrnent\ shared hctueen the indic;ltecl tree \pccic\ ;~ncl other 
species. 

" Minot- \econila~-! iilentilication elements ;~ccouilt for . 0.5'4 of' eloh;~l cl;~s\ distributions for any orie tree species. 



occrr/~~r~ttrlrc) whtch wcrc \haled with c c d ' ~ ~  elm 
(Ulrll~rr t rartrfolrn) Etght m q o r  \econdary element4 
tdentlfied trom othcl \pecle\ al\o wcre tourid tor P 
rlcltortl~r. m'lkrng cotto~iwood the \peclc\ havlng the 
1i1o\t \econdary element\ that wcrc \peelhe to othcr 
spcere\ Volatile\ tlom southeln I ed oak ( Q .  ftrlc trtn) 
shatcd tour sccond'try element4 that were \pec~fic  to 
othet specie\ By contrast, only one m,ljol sccond,iry 
~dcntlficat~ort element \peelfie to c o t t o ~ ~ w o o d  was 
\hared wrth another \pcc~es,  Q I ~ I ( I I  I I N I ~ ~ I (  LI Only 
tonr specles rnclud~ng C' t rrrolrr~rcrr~cz, C torllrritostr, 
I> \ 3 r r  qrr~rrrrra. and Q ~ ~ r - q r r ~ l t r l ? t r  totally lacked majol 
secondary ~dentlhcatron cleme11ts that wcre \peclhc to 
othcr \pcoe \  Mlrior secondary ~dentificat~oii elc- 
rnent\ were consldclcct thaw wtth global cla\s 
dr\tr~butlon\ Ic\\ than 0 5% whrch were \haled wlth 
.it least one other tree speclc\. 

A rnore dc ta~ led  analysrs o t  the distrrbutlor~ o t  
secondary rdent~ficatron element\. arnong speclcs 
lncludcd In the rccognrtron file, provlded frequencres 
o t  lncrdence and mean dlstrlbutron\ that r l~d~ca tcd  
mca\ures of rclatednes\ among specre\ 5 )  
Baldcyprc\s had the hrghejt rncldencc (50%)  of 
specrfic major \econdarj; idcntrficatlon clement\ that 
wcre tound In othcr \pecle\ lncldcnce of malor 
secondary elements wa\ considerably lonrer (range O- 
20%) In other 5pccles. wlth rileall d ~ \ t r ~ b u t ~ o n \  up to 
1 7% However, the rncldence o t  minor \econdary 
elements wa< generally hrgher (range 1 5 4 0 % )  than 
1iialor element\ for all \peclc\ except coastal llve oak. 
wrth mean dlstrlbuttons up to 2 2% The hlghest 
1nc1dencc5 ot mtnor secondary elcrnc~lts occur~cd  In 
comlnon perslmlnon, ca\tern cottonwood. honey 
~ n e \ q u ~ t c .  'lnd bl,ick~,lch oak 

Non\pcc~hc incrdence refers to idetltifrcatlon 
ekment \  thdt ,ire not 4peclfic to lu\t a rel'ttlvely 
few \pccles, hut m'ly be common alnorlg many other 
\pecrc\ The incldence o t  nonspcclf~c secondary 
element\ w'i\ generally lower for the malor rdentrfica- 
tloii c l e ~ i ~ c n t \  than tor rnlnor ~cle~itihcatron clement\ 
The hlghcst tncrdcnce o t  malor ilonspeclhc clement\ 
w,~s deter11111ied tor \yeanlore (40%). but the 111c1dciicc 
wa\ lower (langc 0-2056) rn all o t l~er  \pccle\ Mc:ln 
di\tr ibut~oil\ of m'ijor non\pectfic elcrncnt\ (r'inge 0- 
2 2 % )  weie slrghtly greater than c i~ \ t~~but io i i \  (0- 
1 7% ) Mrnol noii\pecrhc elcmcnt\ occur red 'tt a 
h~ghcr r'inge o t  tncidcncc (1045S'r) than 111~ijo1 
non\pecihc clemc~it\ .  wlth the h~gl-tc\t incidci~ce 

found In cornmon per\ im~non Meail dr\tribution\ ot 
all mlnor \econda~y elerncnt\ were unrfolrn In a 
liarrow rmge  (0  1-0 3%) tor both \peelfie and 
nonspecific rdentrficatlon element\ 

A detailed parrwtse compart\on of relatecine\\ 
between sapwood volatllc\ of \even oak\ \pecie\ u\lng 

T;rblc 6 
P:iir\~iie comp;irisons of- the rel;iteclness of seven oak species usin2 
threc-diinension~~l principal component ;ln;~lqsis hc:~tlpace xola- 
tiles 

Analyte 1 Analyte 2 QF significance" 

Q. hrrc,klrxi Q. fiili.trro 41.73. '~ ' 

Q. i i i i i r~l i~r~~l~c~i i  23.17"' 
Q. ii;gril --.. 71 3 1 " "  

Q. ,si~~//i~tci 24.12' ', 

Q. i,i~:y;r~iir~ii~ 4.06 

Q. firlcitrli Q. ~i~i i i - i l i i i~dic~~ 10.2X' 
Q. il;,qi-ii 5.88< 
Q. .src~lllr~ir 26.01 " '  

Q. ~ii.,q;iiii~i~i~ 44.19" 

Q. i~~ i~ r i /~~ i i i / i ( , i i  Q. r~isnr Il.61' 
Q. tfc'llrriir 20.62' 
Q. i~i~;qii~ictr~c~ 25 .25~"  

Q. ili:.rii Q. \f?llc~tii 25.21 
Q. ~ ~ i r ~ g i i i i i r ~ ~ i ~  25.70 " 

Q. .src'll(~rc~ Q. i~ii:q;i~ii~i~i~ 23.1L?'. 

" OF = clilalit!) factor. A cfu;rlity I'iictor \ d u e  of 2.0 indicates ;I 

\igniIic:lnt tli\crimin;r~ion at ;~ppsi)sim;itcl~ I>= 0.10. The percell- 
t;ife\ (if the total variance. accitunting for the v;irinhilitg espl;iincd 
hy each t~rtIiogo~l;rl princip;~l conlponent (PC). itre as l'ollo~\,s: I'C 
1 = 95.26V: 1'C 2 = -1.27'ii : ant1 PC 3 = 0.13(1. represciititig the I .  \ .  
and : axi\ of the ;~roma map. respectively. 

1)iscrimin;ition hetseen gloh;tl ;Isorna classes \\.as significatlt at 
I' .c 0.05. 

Iliscriniiiiatit~~i lhct\\een gloh;il al-oma cl;ih\c\ W;IS si:riiilicant ar 
P .. 0.01 

I)is~.i-iminatio~i hetween zlohal asoina classe\ \\ah significant at 
P '.- 0.00 1 

1liacsimin;ition herueen gltih;il ;trorna cl;i\ses \v;~s \isnitic;ii~r ac 
/I ,* 0.000 I 



three-drrncii\~onal PCA yrclded a pr~nc~pal  component 
model that cxpla~~ied okel 99% of the d~ttcrcncc\ In 
~dcntrficat~on clc~nent\ w ~ t h  only two pr~nc~pal  
component\ (Table 6) Qual~ty factor5 (QF\), detcr- 
rn~ned to1 each palr-wi\c coniparl\on. rnclrc,tted 
qu'tntltcttlve mea\urc\ ot relatedne\\ or the dl\tance 
ot relatednes\ between \peere\ A QF of ,tt Icn\t 2 I \  

gerierally a \~gn~ftcant dr\criintriat~on 'it about the 0 10 
Ic\lcl of \~gn~ficance None ot the \even oak \pec~e\ 
r~lcludcd In the ci~ialy\r\ werc cIo\cly related '15 

~ n d l c ~ ~ t e d  by QFj > 4 for 'tll parrw~\c comparison\ 

Olily two comparlron\ re\ultcd r r i  QF\ < 6. but these 
were 5trll \~gnrficantly d~ftercnt (P < O 05). Nevcr- 
thcles\. the degree ot chfferencc prov~dcd good 
~ndrc'ttron\ ot relatrve grouprng5 of oak \peere\. The 
lowc\t QF\ (r'tnge 4 9 6 4 5  70) were dctcrmrned 
between oak5 ~n the rcdlblack oak group (wb, c.cnu\ 
Qiler-~ it5 {cctron Lohrrttle Loudon), with the exccpt~on 
of the (2.  trlho-Q. rirgr-rr compan\on. The hrghest lcvel 
of d~ffcrence occurred betwcen wh~te  oak Q. trll>cr and 
two red oak\. Q hut Uevr and Q. ~~r.grrzrtrritr w ~ t h  QF\ 
of 47 ,tnd 55, re\pect~vely However. a hrgh lcvel ot 
\~gniftcunt d~ftcrencc al\o wa\ found In cornpanson\ 
between red oak\, including Q 111ltLltlir-Q. ftllttlttr 
and Q. f(11c trttr-Q. ~ ' I I  ~ I I I I ~ I I I C I .  

The product~on of an ,ironla rnap of the seven oak\ 
bCt\cd on three-drrnen\ronaI PCA data provrded a 
v~sunl m e a w e  ot rclatcdnc\\ between oak \peere\ by 
the clu\terrng, xpar-atro11, and \patla1 d~\trrhutron ot  
ccich \pccle\ (Frg 3). PCA data were run through an 
algor~thm that rdent~ftcd p~~ncrpal  component\ 111 the 
volatrle\ illid scp,trated o'tk \peere\ u\rng Ergeri value\ 
on  three 'lye\ Ergcn v,tlues de\cr~be the amount ot 
v'tr-rartce captu~ed In the dat'i tor each ~ndrv~du~tl  
pr~ncrpal componcrit ~\olated Into ~nd~vldual axe\ The 
v,tlue\ werc c,llculdted by decornpo\rng the coval- 
lance 01 cor1c1,ttron ri ldt~ I X  gener,~tcd t ~ o n i  the datd 
The corrclat~on Inatrlx w,t\ ,I \culcd vcr\ion ot the 
c o v , ~ ~  r~tncc rnatrlx \uch that eve1 y ~nc l~v~du~i l  ele~ncrlt 
in the covallance m'ttrlx 14 drv~ded by the p~oduct ot 
the stCtnd,lrd devrat~on\ of the two co-vxylng 
qu~n t r t~e \  to ohtarn the pelcentage Ergell v,ilues 
The p~rrlcipal component value to1 c'tch ,txr\ rnd~c'tteci 
the proportion (%)  ot the dtttercr~cc eupla~ned by that 
p~~ncrpal  component The clu\tcrrrlg ot \,trnpIc\ trom 
the two n h ~ t e  o,tk \peere\. Q trlhtr ,tnd Q. ctrlltrtrr. 
w c ~ c  well \ep,tr,lted on the t-'1x1s (rcpre\cnt~ng PC I ) ,  
,~nd gener,tlly lower thart the rn.ijo~~ty ot \.lmple 

Fig. 3. 'Three-dinicrisionnl principal component ;inalyai\ oi'elcctn>- 
nic amnia ign;iture patterns dif'l'erentinting sap\vood volatiles of 
se\en o i~h  species. including Q. c r i h n .  0. h~rrkivxi. Q. Jiiic.rlrrr. Q. 
I ~ I ~ I ~ ~ / I I I I I ~ ~ . I I .  Q. 11i3rc1.  Q. SI~J/ /<II(I .  and 0. ~ ~ ~ I ~ ~ ~ I I ~ ~ I I ~ I I .  E i ~ e n  \:rlues. 
describing the amonnt of  variance captured in the t1at;r of each 
intiividirnl principal component axis. were calculated hy decompos- 
ing the covii~-iiitl~e or correlntion matrix rcpl-esenting the dirta. TIie 
correliiti~n matrix was a scaled version of the covariance m;~trix 
such that every intlividual element in the covariance matrix is 
divided hy the product of the stantlard devi;~tions 01' the two co- 
larying quantities to ohtein the percentage Eigcn \values. The 1'C 
vi~lue for each axis indicates the proportion ( ' 2 )  of the difference 
explained hy that principal component. 

clu\ter\ of the srx led oak \peere\ on the \-<IXI\  
(repraentrng PC 2)  Thl\ WCI\ con\~\tent w ~ t h  
ob\ervatron\ ot \cn\or Ic\pon\e pattern5 for whrtc 
oak \pec~e\ be~ng lower to1 mo\t \ensor\ th'tn the led1 
black oak \ ~ C C I C \  Some \ample\ ot the two whrtc oak< 
dlso werc well torward of the rcd/bi,tck oak \pcc~c\ on 
the    ax^\. 1epre\entrIlg PC 3 By contra\t. three red 
oaklblack o,tk\. Q ftrl( trttr. L) r7i trr  rltrr~dlt ( 1 ,  Q i ~ r q i t r  

welc 'idj,tcent 'tnd ttghtly clu\tcted However, the 
othe~ two ~edlblack oak\. Q hl~tXle\r dnci Q 
1 3 r r  qrrlrtrritr, welc wparated above the othc~ red/bl,ick 
o'ik clu\tc~\ 

4. Discussion and collclusion 

Electrorlrc now\ are elcctrrcal-re\i\tance moclu- 
latcd, chem~c,tl-sen\~ng devrcc\ contarnrng a \en\ol 
'irray capable ot pl-oduc~ng 'I d ~ g ~ t a l  trngerprrnt ot 
volat~le otg'inlc compound\ rclca\cd trom any 5ource 
Conductrvc polymer \cn\or ,trI,ty\ take aclvantagc ot 
d~tferent~,il lespon\e\ ot drtfcrerlt coriduct~ng pla\trcs 
(wrthrn each \emor) to v,tr~ou\ chern~c,tl specre\ III the 
s'tn~ple Iicad\p,tce. by p~oducnlg d unlquc EASP 



specific to the analytc mixture. The multisensor array 
provides an output response pattern analogous to a 
combination lock that reflects the collective responses 
of all sc~isors in the array. but sensor outputs arc in 
continuous values. The pattern-recognition algorithms 
in the al~alysis software compare signature patterns 
stored in the reference library to those of unknown 
samples to look for similarities and differe~lces in 
these patterns. The differences are expressed digitally 
as  nurncrical values that are compared il l  matrix 
format. The algorithms assign distributions of similar 
elements found in principal components of the sample 
that are in c o m ~ n o n  with known patterns in the 
reference library and make a determination of identity 
based on that distribution. The response of each sensor 
is based on the collective effect of the entire mixture of 
compounds in the headspace on electrical-resistance 
changes generated by adsorption of analytes to the 
sensor. Sensor adsorption is determined by the specific 
affinity of unique polymers in each sensor, the 
specificity of che~nical types, quantities, and molar 
ratios of che~nicals present in the sample mixture. 

Conductive polymer analysis is a versatile new 
electronic aroina detection (EAD) technology that has 
bee11 useful for numerous co~n~ncrc ia l  applications in 
industrial production, processing, and manufacturing 
(Oucllettc, 1999; Pcrsaud et a].. 1994; Pisanelli et a]., 
1994). This paper has demonstrated the potential use 
of CPA as a relatively nondestructive research tool for 
identifying woody salnples from diagnostic EASPs 
derived from unique mixtures of volatile metabolites 
released into sampled headspace. The main strengths 
of CPA lnethods are the capabjljry of identifying, 
characterizing. and categorizing mixtures of volatiles 
as a whole sample. without having to identify 
individual cheinical C O I ~ ~ O L I I ~ ~ S  present in the samplc 
mixture. Furthermore. utilizing application-specific 
rcferciice libraries (specific to sample types). and 
tweaking discrirni~iation-piirit111ete1- values and recog- 
nition specificity (confidence level) duritlg ~leural net 
training provided means of obtaining accurate 
idcntificatio~rs without false positives. ambiguous 
ide~ltificatio~ls, 01- misidentifications. Unsuccessful 
determinations were reduced by increasing the 
number of e lcn~ents  allowed in error before unknown 
identity was declared. The absence of false positives 
~ u i d  ambiguous determinations with CPA assures that 
:I sample will either be identified correctly or 

unwcccs\fully ~dentified Sample d ~ \ c r ~ m i n a t ~ o n  al\o 
was ~rnproved by t'ik~ng xilore thdn one {ample t ~ o m  
each p lmt  or woody part. collcctnig multiple \,imple< 
over tlme, Increasing sdlnple \17e to lrnprove 
Icple\cntatlon, dnd u51ng know11 \,tmples from the 
sdmc geograph~cal aiea from whlch unknown \ample\ 
were collected 

P11ma1 y ~ d e n t ~ f i c a t ~ o n  element\, 1ecogn17ed by 
global d a i s  d~s t r lbu t~on\  >95%, were u<eful for 
~ d c n t ~ t y ~ n g  wood samples of tree ipecle5 Prlinary 
elements repre\ent \pecle\-\pcc~fic mlxtule4 ot com- 
poulids found In wood volat~lc\. 5uch a\ e\\ent~:il (HI\ .  
thdt d ~ e  unlque to i ~ l d ~ v ~ d u a l  \pec~e \  However, 
\econddry ~dentlbcation clement\ were more u\ctul 
for dctermnnng the rel<itednc\\ between tlee \pecle\ 
becau\e \econdary elements ate shared betwecn 
dittercnt specie\ and can be quantittcd u m g  ~nctdence 
dnd d ~ \ t r ~ b u t ~ o n  pelcentage\ Thew quant~tatlve 
measure\ ot 5econdary ident~bcation elelllent\ help 
to characterve level\ of relatedness between cpecles In 
term\ of shared characters (product~on ot c~milar  or 
related mixture\ of volatile compound\ In t h ~ \  ca\e), 
'ind thu\ m'ty provldc i i d ~ c a t ~ o n \  ot 1elatednes4 111 

b~osynthetic pathway4 ut1117ed and volat~le mctaho- 
11tes ploduced Such ~ ~ i t o r ~ n a t ~ o n  may be u\etul In 
chemotaxonornlc 5tud1e\ by tac~l l t a t~ng  e\tabli\l~mcnt 
of phylogenetlc, b~ochem~cal .  01 genetlc relatton\hlp\ 
between tree \pccie\ In thl\ way. CPA data may 
~ornpl~rnen t  genctlc holnology data by p~ovlding 
~ n d ~ c , i t ~ o n \  ot cxpre\\cd clicm~cal rclatedne\s between 
specie\ 

The h ~ g h  ~ n c ~ d e n c e  ot \cconddry ident~hcatton 
clcmnlt\ ,imong ;ing~ospe~-m \pecle\ suggest\ that 
there ale a large n~unber  ot \trn~l'ir metabolltcs rhdt arc 
\haled betweell ind~vldunl \pecle\ Mdny \haled 
\econcia~y element\ o c c u ~  rlCr0\\ f'i~ntly Ilne\. but 
\ccond'iry element\ ,~ l \o  'ite common betweell \pecle\ 
with111 ~ n d i v ~ d u ~ ~ l  plant t a i n ~ i ~ c s  M ~ n o r  xcondary 
element\. both \peclc\-\pec~bc dnd non\pcc~hc. 
generally occu~red  ; ~ t  hlgher level\ of ~ n c ~ d c n c e  th'in 
mriloz \eco~ld:u-y clement\ M l n o ~  wcondary clement\ 
prob'tbly r e p ~ e w n t  v c ~ y  common metabolite\ \hared 
drnong ,I w ~ d e  I'inge ot pl<int\ that ut1li7c \11nil,t1 
~ n c t ~ t b o l ~ c  p,tthway\ tor b ~ o \ y n t h e \ ~ \  By contl,l\t. 
nl'tlor \ccotlda~y clc~ncnt\  'ire l~kc ly  ~ i~d~c , t t lve  of 
mole \peat ic  mctabol~tc$ \ucli ,t\ volatile oil\. Ilgnln 
.i11d \ u b e ~ ~ n  de~tv~itlves. Ic\ln\. b'irh exudates, 
tc~pcnes. ,~lkalo~d\ .  'ind other \econda~y metnbol~te\ 



that y~cld unlquc nnxture\ ot cornpound\ for \pcc~ttc 
tunct~on\ In tnd~v~du,~l speclei 

The h~gh  QF value\ obta~ncd f~orn palrwl\c 
comparison\ ot \even oak \pecle\ using three- 
d~rnen\~on~i l  PCA ~nd~c'ited that none of these oak 
\pecle\ wcle closely related QF value\ greater that 2 
generally 'ire requr~cd to dctetni~nc t h ~ t  vol'rt~lei fro111 
two samples rep~c\cnt dr\t~nct \pecie\ A11 compar- 
I\on\ of volat~lc\ from oak \pccle\ In th14 5tuciy 
~nd~cated h ~ g h  level\ of d~tference 'imong the \pecle\ 
Th15 wai an cxpectcd re\ult, al tho~gh the dpparent 
clo\er ~ c l a t ~ o n \ h ~ p  between ccrta~n ipcc~c\ was not 
expected The l ~ m ~ t c d  analy\c\ ot EASPs and three- 
d~meni~onai  PCA ror thew oak \pecle\ prov~de 
ev~dencc ~ n d ~ c ~ i t ~ i i g  that d ~ s t ~ n c t  d~fferences In head- 
ip'tce volat~le\ of oaks could d ~ \ t ~ n g u ~ \ h  between 
\pcc~c\ In the wh~te  oak gro~rp (iubgenu\ Q L I ~ I ( Z ~ S  
iectlon Qrlrlrrlc) fro111 thoie In the ~cd/black oak 
group (\ubgcnu\ Qrc~r-crcc iectlon Lohatrre Loudon) ai  
defined by NIXOII (1993) The i~gn~ficant d~fferencei 
demon\trated here In EASPi between Qrierc-115 ipecle\ 
In tile white oak and redlblack oak group5 p ~ o v ~ d c  
strong ~ n d ~ c a t ~ o n  thdt there are utnquc ~n lx tu~e \  ot 
volat~le\, contanlng organic co~npoundi rcprewntlng 
cornmot1 ~dent~ficat~on elements \pec~hc to cc~cli 
Qttctcrlr group, that may be ~ ~ i e d  to d ~ \ t ~ n g u ~ \ h .  
charactcr17e. and catcgolve oak {pecles with111 one ot 
the\e lnalor groups The rciult\ ale consl\tent w ~ t h  
dehneat~on\ b a d  on morphologtcal and ontolog~c~+l 
ctlterla that are currently u\cd to define oak\ w ~ t h ~ n  the 
two g1oup\ 

The loweit QF v,~lue w,ts detcr~n~ned 101 the 
comparl\on between Q c e r  I Q 1~rrgr7irr117ti 
prov~ci~ng ev~dc~lce  th& the\e \pcc~e\ ,ile the two ~no \ t  
clo\cly ~clated oak\ ot the \even ipcc~cs ~ncludcd In 
the ,~na ly \~ \  The h~gheit QF v,~lue wa\ dctc11n111cd 
between Q (11ht1 'rnd Q I 11 q r r r r r r r z c ~  (co,~\t,~l 11ve oak). 
\ugge\t~ng t1~1t thew w c ~ c  the 111o\t d ~ s t ~ ~ n t l y  ~clatcd 
o'ik \pec~c\ T11c\e dat,~ ~nd~ca te  thdt coCi\t,il l ~ v e  o , ~ h  15 

mo\t clo\ely I-el'ttcd to ,I red oak \pccle\ and least 
related to a wh~te  oak \pecre\ Co,t\tal l ~ v c  o,~h I \  

con \~dc~ed  by \owe <~u thor~ t~e \  to be '1 ~ n c m b e ~  ot the 
wli~tc odk group due to macro\copic 1eLlf '~nd 'icoln 
ch'iracteri that ,ue \h '~~ed  wrth white oah \pccle\ 
I-lowcvc~. Q I r r  qrrirtrritr I \  Intel 111ed1'1te between wh~te  
oak\ '~nd red oah\ 111 the Inlcro\coplc structure ot 1t5 
ve\\el element\ Unl~he wh~tc oak\ whrch hake 1'1rgc 
pole\ cont,llnlng ,~bund,~~lt tylo\es with 'I I I I I ~  ~ O I O U \  

structure. coastal live oaks have semi-ring porous 
wood structure and tyloscs are sparse in their vesscls. 
This unique ring porosity with relatively small pores 
scattered across the entire ring, is a structural reason 
that partially explains why live oaks are Inore 
susceptible to oak wilt disease than white oaks. The 
biochemistry of host-defense in live oak also is more 
similar to red oaks than white oaks, indicated by the 
high susceptibility of live oak to infection by the oak 
wilt pathogen, Cernroc:\.sfi.sfi~g~c~e~z1.111~7 (T.W. Bretz) 
J. Hunt (Wilson, 200 I ; Wilson and Lester. 2002). Most 
white oaks such as post oak (Q. .srellrrtcr Wangcnh.) and 
overcup oak (Q. lyr-rrrcr Walter) are highly resistant to 
this vascular wilt disease (Wilson, 2001). providing 
further evidence that the host-defense ~netabolisrn of 
coastal live oak, with its associated volatiles. is lnore 
closely related to those of red oaks. The results in this 
study tend to support this conclusion. 

Some important limitations of CPA for wood 
identifications should be noted. For example, the 
sources of woody material used in constructing 
recognition tiles and reference libraries have a 
significant effect on the ability to identify unknown 
samples. For best results, the sources of reference 
materials used in building recognition files should be 
obtained from the same geographical area where 
future unknown samples of that type arc to be 
collected. Considerable variability in aroma profiles 
can result from wood of the same species collected 
from widely separated regions. If a comprehensive 
reference library for a wider geographical region is 
desired. reference samples should be collected 
througl~out the region so that they are representative 
of the entire region for any tree species established in 
the reference library. A general rule is to collect a 
mi~limum of 10 distinct sa~nples per species from each 
sampling area within the collecting region to detinc 
known species cntercd into the refercncc library. 
Specialized rcference libraries for very specific 
applications generally arc more useful and cffcctive 
than libraries developed for broad applications 
because they provide more accurate determinations, 
shorter n e ~ i r ~ ~ l  net training times. and lower instances 
of nonrecognition a~ici incorrect (fi~lse positive) 
results. Other li~iiitations of CPA i~lcl~idc thc inability 
to identify samples not represented in the refcscncc 
library (such as woody sa~llples contaminated with 
microorganisms or samples wit11 excess moisture or 



desiccat~on). the inab~l~ty  to ~dcntify ~ndiv~dual 
chem~c,tl \pcc~e\ w ~ t h ~ n  \ample nnxtures 01 make 
ieliablc yu,intltatl.ve detcrm~nation\. and the t ~ ~ n e  
icqulicmcnt f o ~  bu~ ld~ng  head \pace prior to \ample 
,inaly\c\ However. sub\ecluc~~t re\e,trch has ~nd~cated 
th,it CPA can be u\ed to ~ d e n t ~ t y  dged wood \peelmen\ 
up to 10 ye,u\ old (that release greatly attenu'ited 
.volat~le\). when thew spcclmens 'ire properly ~chy-  
dl'ttcd (W~l\on and Obcrle, unpubh\hed data) 

Thi\ paper demon\trittc\ the u\etulncr\ ot CPA for 
woociy plant aiid wood \ample ide~ltific~it~ons CPA 
technology I \  a potentially useful new re\carch tool for 
tore\t b~olog~\t \ .  ecologi\t\. pathologr\t\, resc'irch 
fo~csters a11d other \c~entr\ts m d y ~ n g  the p~oce\\e\. 
tunct~on\. interact~on\. and \t,ib~lrty of forc\t\ and 
fole5ted ecosy5tem5 CPA methods ale mo\t u\efuI foj 
~ d c n t ~ f y ~ n g  b ~ o t ~ c  component5 (partrcularly woody 
pl,int\ and \mall orgain\m\) In fore\ted \tand\ that 
interact and contribute to ecosystem function\ For 
example, torest brologl\tc and ecolog~rt\ could u\e 
CPA to study torc\t eco\y\teni proce\sc\ and tunctrons 
\LICII nutrient cycl~ng, btotic decompo\rt~on of 
woody plant rnater~d\, symbiot~c a\\ociation\, btolo- 
gical rnteiact~on\ ,111d rnteirclat1oi1~li1p\ between 
organl5ms. forest 5tructure ancl \t,tnd composrtion, 
and the roles that olganr\nli pidy In to ra t  ecosystem 
dynamics CPA d1so rn~ght be u\eful to fotc\t 
patholog~sts and cntomolog~st\ to (tudy b~ologically 
actlve \pec~cs \uch a\  inwet pe\ts and pathogenic 
mrcrobes that ~ntctact wrth woody mater~al\ In torest 
ecosy\tem\ m d  ecttl\e change5 In \tmd structure and 
eco\y\tern tunct~ons over time thdt ultimately L~ffcct 
forest I~e~lltli. b~od~\:c~rtty, \u\t,t~n,~b~llty o f  fu tu~c 
p~oductrv~ty. fo~est  5tabrlrty. r111d \ucce\sion Edrly 
detect~on 15 useful In the fora t  products rndu\try tor 
mltig~ttlng lo\\e\ ,i\\oc~,tted w~th  lunlbcr detect\ 
cau\cd by d~tferent~al \hrrrikage when hardwood\ 
.uc rntcctcd by wetwood b,icteir,t (Ve~ka\~ilo ct '11 , 

1991) M'iny hardwood \pcc~e\ 'ire su\ccpt~ble to 
~ntectron\ b y  wetwood bacteri'i that cau\e lumber 
detect\ (C'itpenter et '11 . 1989) D~\rupt~vc foiest pc\t\ 
th'it C C I L I \ ~  cidv~ise ettcct\ otl tolest \tand\ ' I I ~  ottcn 
ditficult to ~dcntify bec,t~i<e they 'ire h~dden in \~dc ot 
rnte~ n,il g'tllel re\ (111\ccts) or 1 drely p~oducc t~ u~ting 
\tiuctu~c\ (tun@) on the exte~n~il  \urt,tce\ ot t ~ e c \  or 
det,tched tlee palis Thw. studres ot the g~owth '~nd 
development ot m ~ c ~ o b ~ ~ t l  cornmunitre\ w~thin wood 
t~ \ \ue \  could be 111\c\tig,tted more ettect~vclq w~th  

CPA thai~ w ~ t h  geiict~c tool\ \uch as molec~ilar 
markers dnd prlmcr\, because thew hidden organisms 
can be detected and rdentrfied from the unrquc volatile 
cornpound\ they rclca\e troni wood Inforrnat~on 
acqu~rcd from {uch \ tud~e\ ulf~rnately could he used to 
tacil~t'ite management of tore\tcd \tand\ ,tnd eco\ys- 
tern\ 
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